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Abstract

In the present study, a permethrin-resistant strain (ALHF) of housefly was used to understand some enzymic changes in normal biosynthet
pathways after insecticide selection. Aflatoxin @\FB;) as a natural substrate was used to verify the changes on the level of cytochrome
P450-dependent monooxygenases and oxido-reductase activities in the ALHF strain compared to an insecticide-susceptible strain, aaby
ALHF yielded three major biotransformation products: aflatoxjn BFB,.), aflatoxin My (AFM;), and aflatoxicol (AFL) by larvae. These
principal products were also found in aabys. AFL production rate of ALHF larvae was 5-fold lower than that of aabys. Differences between
ALHF larvae and aabys in AFMproduction were found. ALHF did not differ significantly from aabys in AgBroduction. The levels
of 17«- andB-hydroxysteroid dehydrogenase {(t7andB-HSD) were also determined to elucidate which type of dehydrogenase activities
could be changed. The cytosolic fraction of ALHF larvae yielded about 2-fold higheresi#adiol than that of aabys larvae. In contrast,
the microsomal fraction of ALHF larvae produced about 2-fold lower amount aféstradiol than that of aabys larvae. The production
rate of microsomal fraction of B#estradiol ALHF larvae yielded 3-fold lower than that of aabys larvae. Inhibition studiesetiSD and
17B-HSD activities by pyrethroid insecticides showed that there was no inhibition by pyrethroids on the enzyme activity. Therefore, there
seems to be no changes on the enzyme structures. Changes on enzyme expression may occur in ALHF larvae in relatiop-t6303. To
assess biochemical changes of the cuticle formation phenylalanine 4-hydroxylase and tyrosinase activities were determined. The productic
rate of tyrosine from phenylalanine in ALHF was about 2-fold higher for larvae than that in aafgiiydroxylphenyl)alanine (DOPA)
content was determined in larvae and ALHF possessed 1.6-fold larger amounts of DOPA than aabys. Tyrosinase activity of ALHF larval
preparations showed 1.6-fold higher than aabys. In summary, many enzymic changes were found in ALHF strain compared to aabys strai
and these changes may be resulted from the permethrin selection.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ued use often results in resistance to these chemicals in the
target organisms which can develop behavioral avoidance or
Many chemicals are used as pesticides and therapeutigphysiological and biochemical mechanisms to allow them
agents not only to improve human health but also to reduceto survive under levels of the chemicals that kill suscepti-
food shortages throughout the world. However, their contin- ble individuals. Some organisms have a natural tolerance to
chemical treatments that will kill other species. Resistance
* Corresponding author. Tel.: +82 2 880 4929: fax: +82 2 873 3112. develops through a process of selection for rare individuals
E-mail addressselpest@snu.ac.kr (S.-E. Lee). in a population with a gene which confers an advantage to
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the individual in the presence of a toxic chemidab(rguet
etal., 2000.

The resistance mechanisms available to insects may be
divided into three general categories. The first category in-
cludes modified behavioral mechanisms that reduce the expo-
sure of an insect to toxic compound&p@arks et al., 1989In
the second category are physiological mechanisms including
altered penetration and excretion of insecticides by insects
(Little et al., 1989; Clark et al., 1995The third category
relies on biochemical mechanisms such as the insensitivity
of target sites to insecticideZlfao et al., 2000; Walsh et al.,
2001; Weill et al., 200pand enhanced detoxification by sev-
eral metabolizing enzyme&de et al., 2000; Lee and Lees,
200])' Fig. 1. Structures of natural substrates used in this study: (1) aflatgxin B

The houseflyMusca domesticd.., is one of the most  (2) estrone: (3) phenylalanine; (4) tyrosine.
widely distributed organisms and occupies a basic position
in the food chain. Pyrethroid insecticides are frequently used Lee and Campbell, 2000For these reasons, a biosynthetic
to control houseflyMusca domesticé., which is a serious  pathway in a pyrethroid-resistant strain of housefly can be
public health insect pest. Pyrethroids attack sodium chan-changed due to the modified detoxifying enzymes. However,
nels in the insect nervous system. However, the houseflythere is little information on physiological and biochemical
has shown a remarkable ability to be resistant to pyrethroids changes in biosynthetic or metabolic pathways in insecticide-
and now many housefly species possess cross-resistance ti@sistant insects after selection to insecticides. Here, we
new pyrethriods and new classes of insecticidas @nd report enzymic changes such asxdandp-hydroxysteroid
Scott, 1997. Knock-down resistanceédr) can be related to  dehydrogenase (&7 and B-HSD), AFB; dehydrogenase,
changes in the sodium channels in the nervous system dughenylalanine-4-hydroxylase, and tyrosinase in ALHF strain
to pyrethroid toxicity and housefly has developett resis- of housefly after selection to permethrin compared to an
tance type to pyrethroid$\(lliamson et al., 1993; Castella  insecticide-susceptible strain. The natural substrates used in
et al., 1997; Smith et al., 199.7This resistance may be re- this study are shown iRig. 1
lated to a variation in the number of sodium chann8sl|(
and Pryor, 199por to altered-binding capacity of the chan-
nels for pyrethroidsHepper and Osborne, 199®1olecular 2. Materials and methods
biological studies support a relationship between an alter-
ation of the binding site of pyrethroid on the sodium channel 2 1. Housefly strains
and thekdr resistance traitWilliamson et al., 1995 On the

other handScott and Georghiou (1986jve demonstrated ALHF, a strain collected from a poultry farm, near Grant,
that higher levels of cytochrome P450, cytochrobgeand Marshall County, AL, in 1998 after a control failure with the
NADPH-cytochromec reductase activities were correlated yse of permethrin. An insecticide-susceptible strain, aabys,
with increased monooxygenase activities that was shown byobtained from Prof. J.G. Scott, Cornell University, Ithaca,

synergism with piperonyl butoxide (PBO) to be the major re- NY, and flies were reared as described previoukly énd
sistance mechanism to permethrin in the resistant LPR strainyye, 2000.

of houseflyLiu and Yue (2000have demonstrated an Alaba-

man housefly strain (ALHF) collected in 1998 from a poultry 2 2. |nsecticides and chemicals

farm after a failure of control with permethrin, a pyrethroid in-

secticide, was 1800-fold resistant to permethrin after further  Bifenthrin (96%), cypermethrin (92%), deltamethrin

selection and the resistance was related to increased levels 0f99.9%), and permethrin (95.3%) were supplied by FMC

cytochrome P450-dependent monooxygenases and esterase@rinceton, NJ). AFB, AFM;, AFBy, AFG1, AFG, L-

Therefore, enhanced metabolism of pyrethroids by detoxify- phenylalanine,L-dihydroxyphenylalanaineL{DOPA), es-

ing enzymes is one of resistance mechanisms developed irtrone, 1&-estradiol, and 1@-estradiol were purchased from

housefly. Sigma (St. Louis, MO). Aflatoxin B-8,9-epoxide (AFBO)
However, cytochrome P450-dependent monooxygenasesvas synthesized as previously describbei and Harris,

systems are implicated in many biosynthetic and metabolic 1993. Aflatoxin epoxide-glutathione conjugate was biosyn-

pathways in insects. For example, cytochrome P450- thesized according to the protocols R&ney et al. (1992)

dependent monooxygenases catalyze hydroxylation reactionAll synthesized chemicals were pure as determined by HPLC

of phenylalanine at 4-carbon position to produce tyrosine and MS.L-Tyrosine was purchased from Eastman Kodak Co.

that is a key amino acid in catecholamine biosynthesis (Rochester, NY). All purchased chemicals were of the highest

and cuticle sclerosisL{ et al., 1994; Ui-Tei et al., 1994;  grade commercially available.

@
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2.3. Preparation of insect homogenates This mixture was centrifuged at 12,180y for 10 min at
room temperature. The supernatant was analyzed by reverse-
All preparations were carried out at@. One gram of phase Supelcosil LC-18 column (2504.6 mm) equipped
5th instar housefly was separately homogenized in a glasswith a fluorescence detector, with excitation at 281 nm and
homogenizer with 15 ml 100 mM phosphate buffer, pH 7.4. emission at 314 nmfar-DOPA and tyrosine, and with excita-
The resultant homogenates were filtered through four lay- tion at 215 nm and emission at 283 nm for tyrosine and pheny-
ers of cheesecloth. The homogenates were centrifuged atalanine as described previousIgtéiner et al., 1996 The
12,100x gat 4°C for 20 min using an Eppendorf Centrifuge isocratic elution systems (1 ml/min) used were 1.7% aque-
5417R. The supernatants were reserved as crude enzyme exsus HPOy: 80% aqueous acetonitrile (98:2, v/iv}DOPA
tracts. For the determination ofd7or B-hydroxysteroid de-  has a retention time of 8.6 min, while tyrosine and phenylala-
hydrogenase activity, the crude enzymic extracts were trans-nine has a retention time of 14.1 and 29.3 min, respectively.
ferred to a 15 ml polycarbonate ultracentrifuge tube and cen- A standard curve was set up for quantitative analysis by in-
trifuged at 141,00& g at 4°C for 1 h in a Beckman L8-M  tegration of peaks of a series of each standard.
ultracentrifuge using a Ti 50 rotor. The supernatant was re-
served as cytosolic fraction and the pellet rinsed twice with 2.6. Tyrosinase activity
2ml of resuspension buffer, 200 mM phosphate buffer (pH
7.5) containing 20% (v/v) glycerol and 1 mM EDTA. Then The assay was performed as previously descriBeth@
the pellet was resuspended in this buffer using 2 ml glass ho-etal., 199%. An aliquot (1 ml) of 2.5 mM.-DOPA was mixed
mogenizer and made a volume of 2 ml with the resuspensionwith 1.9 ml of 0.1 M phosphate buffer (pH 6.8), and incubated

buffer to give the microsomal fraction. at 25°C for 10 min. Then, 0.1 ml of the crude enzyme extracts

was added to the mixture to immediately measure the initial
2.4. Aflatoxin B (AFB;1) metabolism in both rate of linear increase in optical density at 495 nm, based on
permethrin-susceptible (aabys) and -resistant (ALHF) the dopachrome.

strains of housefly
2.7. 1&- or B-hydroxysteroid dehydrogenase gt or

Metabolism of AFB was studied using an incubation B-HSD) activity
mixture (250ul final volume) consisting of 92 mM sodium
phosphate buffer (pH 7.4), 0.5 mM NADPH, and 2 mg/ml Metabolism of estrone was studied using an incubation
protein of the crude extract preparations of insects. After a mixture (610wl final volume) consisting of 92 mM sodium
pre-incubation period of 10 min at 3T, respective AFB phosphate buffer (pH 7.4), 0.2 mM NADPH, and 2 mg/ml
was added as substrate to the reaction mixture. After 1 h, protein of the crude extract of housefly larvae. After a pre-
incubation reactions were stopped by adding 1 ml ice-cold incubation period of 10 min at 3T estrone was added as
methanol containing AFG(10wM) as an internal standard.  substrate to the reaction mixture. After 1 h incubation reac-
This mixture was centrifuged at 12,180y for 10 min at tions were stopped by adding 1 ml ice-cold methanol. This
room temperature. The supernatant was analyzed by reversemixture was centrifuged at 12,160g for 10 min at room
phase HPLC on a Supercosil LC-18 column (250.6 mm) temperature. The supernatant was analyzed by reverse-phase
equipped with a fluorescence detector; excitation 365nm, Supelcosil LC-18 column (250 4.6 mm) equipped with a
emission 455nmlee and Campbell, 2000 The mobile fluorescence detector, with excitation at 280 nm and emis-
phase was water:acetonitrile:methanol (60:20:20). On this sion at 312 nm as described previously. Mobile phase was a
system, retention time for ARB AFBy, AFGi, AFBoy,, mixture of water:acetonitrile (58:42, v/vjp-estradiol has a
AFM1, AFLM 1, and AFBO-GSH conjugate were 13.6, 12.1, retention time of 10.1 min, while hZestradiol and estrone
10.1,7.7,7.3, 6.5, and 6.1 min, respectively. A series of mea-has a retention time of 11.9 and 15.2 min, respectively. A
sured amounts of each aflatoxin metabolite was used to cal-standard curve was set up for quantitative analysis by in-
ibrate standard curves for quantitation of biotransformation tegration of peaks of a series of each standard estrogens.

products by HPLC peak area integration. For inhibition studies of pyrethroid insecticides onot7
andB-HSD activities, bifenthrin, cypermethrin, deltamethrin,
2.5. Determination of-DOPA, phenylalanine, and and permethrin (10 mM in final concentration) were mixed
tyrosine contents with the reaction mixture as described as previously. The
inhibition of pyrethroids on 1d- and B-HSD activities
All preparations were carried out at’@. For the esti- were calculated as remaining activity (%) compared with

mation of the range to detectDOPA, phenylalanine, and  control.

tyrosine amount in housefly larvae, 1 g of larvae was homog-

enized in a glass homogenizer with 10 ml of 100 MM phos- 2.8. Phenylalanine-4-hydroxylase activity

phate buffer, pH 7.4. The resultant homogenates were filtered

through four layers of cheesecloth. The homogenates (0.5ml)  All preparations were carried out af@. One gram of
were immediately mixed with 50%4P 0O, solution (0.5 ml). housefly larvae was homogenized in a glass homogenizer
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with 10 ml, 100 mM phosphate buffer, pH 7.4, containing
1mM EDTA, 0.1mM DTT, and 0.4 mM PMSF. The resul-

tant homogenates were filtered through four layers of cheese-

cloth. The homogenates were centrifuged at 124 @0at
4°C for 20 min using an Eppendorf Centrifuge 5417R. The
reaction mixture was consisted of 0.25ml crude enzyme
extracts, 0.25mL 100 mM phosphate buffer, pH 7.4, and
20l of phenylalanine (100 mM). The hydroxylation reac-
tion was initiated by addition of 0.1 ml of NADPH (10 mM).
Control was without the addition of NADPH in the re-
action mixture. The reaction was stopped by addition of
50% HzP Oy solution (0.5 ml). This mixture was centrifuged
at 12,100x g for 10 min at room temperature. The super-
natant (2Qul) was analyzed for remaining phenylalanine con-
tent as above. The enzyme activity was calculated as pi-
comoles of phenylalanine disappeared per minute per mg
protein.

2.9. Determination of protein content

Protein was determined by the methodo&dford (1976)
using 50wl of sample solution and 2.5 ml of diluted (1-5)
Bio-Rad Coomasie Blue concentrate.

2.10. Statistical analysis

Means of five replicates were compared and tested for
significant difference by Studeitest at theP=0.05 level
(SAS, 1995.

3. Results

AFB; assays of ALHF strain of housefly larvae showed
three major biotransformation products: ARBAFM4, and
AFL (Table 1. These chief products were also found in aabys
strain. AFL production rate of ALHF larvae was 5-fold lower
than that of aabys. Differences between ALHF larvae and
aabys larvae in AFNIproduction are shown ifable 1 There
are not different between ALHF and aabys for AlzBro-
duction.

Table 1

Aflatoxin B; metabolism in a permethrin-susceptible (aabys) and a
permethrin-resistant (ALHF) strains of housefly larviyjsca domestica

L.

Metabolite$ aabys ALHF
Aflatoxin My 0.604 0.09 & 0.33+£0.06 b
Aflatoxin Bpa 0.098+ 0.01a 0.086:0.013 a
AFBO® N.D. a N.D. a
Aflatoxicol 420+ 28a 8.4Gt0.76 b

N.D. denotes not detectable.

2 The rate of metabolite production from aflatoxin ®as in nanomoles
metabolite produced per minute per mg protein, except for AFBO.

b Means within a row followed by different letters are significantly differ-
ent P<0.05).

¢ AFBO indicates aflatoxin B8,9-epoxide.
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Fig. 2. 1%- and B-estradiol dehydrogenase activities of a permethrin-
resistant (ALHF) and an insecticide-susceptible strain (aabys) of housefly
larvae. The rate was expressed in nanometax 3-estradiol produced per
minute per mg protein. Means by different alphabetic words are significantly
different (°<0.05).

Two isomers of estradiol have been produced from es-
trone by both strains of houseflify. 2). Production of larval
cytosolic fraction in 1&-estradiol was found. On the other
hand, about 2-fold lower T#estradiol production was found
in larval microsomal fraction. The cytosolic fraction of ALHF
larvae yielded 2-fold more h#estradiol than that of aabys
larvae. In contrast, the microsomal fraction of ALHF larvae
yielded 2-fold lower amount of kestradiol than that of
aabys larvae. Microsomal fractions from both strains yielded
about 70-fold larger amounts of g#estradiol instead of
estradiol in larvae than cytosolic fractions. The production
rate of microsomal fraction of Bfestradiol ALHF larvae
yielded 3-fold lower than that of aabys larvae.

Inhibition studies on 1&- and B-HSD activity by
pyrethroid insecticides showed that there was no inhibition
of pyrethroid insecticides on the enzyme activities.

Phenylalanine-4-hydroxylase activity was determined
(Table 29 and the production rate by ALHF was about 2-fold
higher than that by aabys for larvae. DOPA content was deter-
mined and ALHF possessed 1.6-fold larger amounts of DOPA
than aabysTable 2. Phenylalanine and tyrosine amounts in
both strains were not statistically different (data not shown).
Tyrosinase activity was also determined and ALHF larval
preparations showed 1.6-fold higher tyrosinase activity than
aabys Fig. 3.
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Table 2

Phenylalanine-4-hydroxylase activity (PAH) and DOPA content of a
permethrin-susceptible (aabys) and a permethrin-resistant (ALHF) strains
of housefly larvaeMusca domestich.

Type aabys ALHF
PAHA 0.24+0.03 & 0.51+0.045b
DOPA contertt 0.28+0.015a 0.42-0.03 b

@ Phenylalanine-4-hydroxylase activity was in picomoles phenylalanine
disappeared per minute per mg protein.

b Means within a row followed by different letters are significantly differ-
ent P<0.05).

¢ DOPA content was img per gram housefly larvae.
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Fig. 3. Tyrosinase activities from enzyme extract of a permethrin-resistant
(ALHF) and an insecticide-susceptible strain (aabys) of housefly larvae. The
rate was calculated as absorbances at 495 nm.

4. Discussion

Mycotoxins are secondary metabolites produced by fungi
that are toxic to mammals. Aflatoxins are a group of my-
cotoxins generally produced #spergillusandPenicillium
The mechanism through which aflatoxins are genotoxic ap-
pears to result from the formation of a single initial DNA
adduct by an oxidized metabolite of AFBO. Biotransforma-
tion of aflatoxins can be linked interspecies variatibeg
and Campbell, 20Q@&nd biotransformation products are dis-
tinctly different. Various cytochrome P450 species and dehy-
drogenases are involved in the biotransformation of AFB
(Lee and Campbell, 2000Therefore, product profiles of
AFB; biotransformation may indicate the types of enzymes
involved and determine the changes of usual enzymic activity

in an insecticide-resistant strain compared to the insecticide-

susceptible strairfable 1shows that three major metabolites
from AFB; are determined. AFM production was 2-fold
lower in the larvae of ALHF strain than those of aabys. For
the AFBp, production, there are no differences between the
two strains. AFBO production was no statistical significant
difference between two strains and aflatoxicol (AFL) produc-
tion was significantly different. Therefore, a dehydrogenase
activity converting AFB to AFL was completely affected by
the permethrin resistance in housefly.

On the other hand, one of insect dehydrogenase activi-
ties, 1&- or B-HSD activity converting estrone to &7 or

S.-E. Lee et al. / Environmental Toxicology and Pharmacology 20 (2005) 258—-263

B-estradiol in both strains has been determined and ALHF
strain possesses much lower levels of enzymic activities than
aabys. Even though insects possess estradiol or other verte-
brate steroid hormones, their roles are still in do&wévers
et al., 199} In our findings, 1&- or B-HSD enzyme ac-
tivities against estrone are significantly different between
both strains. A series of inhibition kinetic studies omx17
or B-HSD by pyrethroid insecticides indicates that there are
no inhibitory effects of pyrethroids on the enzyme activities
from both enzyme preparations. Therefore, there seems to
be no changes of the enzyme structures, resulting in affinity
changes of the enzyme to the substrates. A protein synthesis
mechanism was differently controlled in ALHF after selec-
tion, giving a low level of protein synthesis of HSD in ALHF.
However, this enzymic change is not essential for insect life.
These results are very important becausp-HED is one
of the enzymes catalyzing the last step in the ovarian estra-
diol production for human. Thus, enzymes withBtASD
activity catalyze the reactions between the low-active female
sex steroid, estrone, and the more potent estradibbéh
and Vihko, 200). Therefore, long-term exposure of human
to pyrethroid insecticides including permethrin may cause
the changes on BFHSD activity. Pyrethroid insecticides are
well known by their mimic effects on the B7estradiol re-
ceptors Chen et al., 200R It is first report that insecticide
resistance to permethrin may suppresg-HSD synthesis.
Phenylalanine is an essential amino acid in insects and is a
major substrate for phenylalanine-4-hydroxylase activity to
produce tyrosine (tyr). We have determined phenylalanine,
tyr, and L-(3,4-dihydroxyphenyl)alanine (DOPA) contents
and phenylalanine-4-hydroxylase activities from the two dif-
ferent strains of housefly larvae. Phenylalanine and tyrosine
content was not significantly different, but the phenylalanine-
4-hydroxylase activity was significantly changed in ALHF
strain. The phenylalnine-4-hydroxylase activity in ALHF
strain was 2-fold higher than that in aabays strain. DOPA
is formed in insects by enzymic tyrosine hydroxylation. The
conversion of tyr to DOPA, which is initial and rate-limiting
step in the biosynthesis of catecholamine neurotransmitters
and in sclerosis of insects, demands a heme-containing mixed
function oxidase (tyrosine 3-monooxygenase, EC 1.14.16.2;
tyrosine hydroxylase). Melanin biosynthesis in insects starts
similarly with the hydroxylation of tyr catalyzed by a copper-
containing glycoprotein (tyrosinase, EC 1.14.18.1). In our
findings, tyrosinase activity in ALHF has beenincreased, thus
melanization rate may be increased in ALHF. These findings
are previously reported={sher and Brady, 1980Increased
levels of phenylalanine-4-hydroxylase activity may be one
example of changes of normal biosynthetic pathways in
the permethrin-resistant housefly. In addition, an isozyme(s)
which catalyzes phenylalanine to tyr may be also involved in
the resistance mechanisms to pyrethroids in housefly such as
the modulation of insecticide penetration into insect cuticles.
In summary many enzymic changes have been demon-
strated in a permethrin-resistant strain of housefly compared
to an insecticide-susceptible strain and these changes have
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been resulted from the permethrin selection. Permethrin re-Little, E.J., McCaffery, A.R., Walker, C.H., Parker, T., 1989. Evidence of
sistance in housefly can induce some protein levels to detox- an enhanced metabolism of cypermethrin by a monooxygenase in a
ify the toxic compounds and suppress other protein synthesis pyrethroid-resistant strain of the tobacco budwoHel{othis virescens

t6 balance for life. It mav be one of evidence for evolution F.). Pest. Biochem. Physiol. 34, 58-68.
0 balance for lite. ay be one or evidence lor evolutio Liu, N., Scott, J.G., 1997. Inheritance of CYP6D1-mediated pyrethroid

against insecticides in insects. resistance in house fly (Diptera: Muscidae). J. Econ. Entomol. 90,
478-481.
Liu, N., Yue, X., 2000. Insecticide resistance and cross-resistance in
Acknowledgement the house fly (Diptera: Muscidae). J. Econ. Entomol. 93, 1269-
1275.

Pepper, D.R., Oshorne, M.P., 1993. Electrophysiological identification
of site-insensitive mechanisms in knockdown-resistant straids, (
super-kd) of the housefly larvaMusca domestida Pest. Sci. 39,
279-286.
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